Summary. Cells isolated from the ejaculates of a high proportion of patients exhibiting oligozoospermia are characterized by generation rates of reactive oxygen species that considerably exceed those obtained for the normal fertile population. The purpose of this study was to resolve the cellular source of this enhanced activity. Semen samples from a cohort of oligozoospermic patients and a group of fertile controls were fractionated on discontinuous Percoll gradients to generate three cell populations (0, 50 and 100%) of differing density. For each fraction, both the steady-state and the phorbolester-induced chemiluminescent signals were significantly (P < 0\m=.\001)greater for the oligozoospermic samples than for the fertile controls. In the fertile donors, leucocytes comprised the major source of reactive oxygen species, particularly in the low-density Percoll fractions; in oligozoospermic patients, however, spermatozoa were identified as a second major source of reactive oxygen species. Particularly striking was an intense phorbol-ester-induced chemiluminescent signal generated by oligozoospermic spermatozoa, purified by passage through isotonic Percoll and free of leucocyte contamination, which was 167 times greater than the median signal generated by the corresponding fraction from the fertile controls (P < 0\m=.\001). These results emphasize the importance of spermatozoa as a major source of reactive oxygen species in oligozoospermia and have implications for the diagnosis and treatment of this condition, as well as for the design of appropriate diagnostic strategies.
Introduction
Despite the high incidence of male infertility (Hull et ai, 1985) , there are few effective methods for treating this condition. This paucity of therapeutic techniques stems from an underlying uncertainty concerning the mechanisms responsible for defective sperm function. Clearly, without a knowledge of these fundamental mechanisms there can be no progress on either the diagnosis or treatment of infertile males (Aitken, 1989 ).
An indication of at least one of the causes of male infertility has come from studies on the role of oxidative stress in compromising the functional competence of human spermatozoa. These cells are particularly susceptible to such stress in view of their high content of unsaturated fatty acids (Jones et al, 1979) and highly specialized capacity for generating reactive oxygen species (ROS), including Superoxide anión and hydrogen peroxide (Aitken & Clarkson, 1987a, b; Alvarez et al, 1987; Aitken et al, 1989) . Moreover, a number of retrospective analyses have indicated that the excessive generation of ROS is associated with defective sperm function, particularly oligozoo¬ spermia (Aitken & Clarkson, 1987; Aitken et al, 1989) . Furthermore, in a recent prospective study (Aitken et al, 1991) , the incidence of spontaneous pregnancy was shown to be negatively correlated with generation of ROS with approximately half of the oligozoospermic patients in the study population (8 of 17) exhibiting increased activity.
The source of the high levels of ROS observed in cases of male infertility is unresolved and clinically significant. The washed human ejaculate contains, in addition to spermatozoa, a variable number of leucocytes, particularly neutrophils (Wolff & Anderson, 1988a, b; Aitken & West, 1990; Barrett et al, 1990) , which are powerful generators of ROS. If infiltrating leucocytes, rather than defective spermatozoa, are responsible for the oxidative stress observed in cases of male infertility, this will clearly have an impact on the therapeutic strategies that might be explored in such cases. In particular, the value of broad-spectrum antibiotic treatment could be assessed along¬ side the anti-oxidant regimens suggested on the basis of previous studies (Aitken & Clarkson, 1988) .
To determine the relative significance of leucocytes, spermatozoa and precursor germ cells in creating the oxidative stress associated with oligozoospermia, we have compared the generation of ROS in relation to the cellular composition of fractions isolated from the ejaculates of oligozoospermic human males and fertile donors.
Materials and Methods

Sperm preparation
The study population comprised a group of 17 oligozoospermic patients, who had produced semen specimens containing <20 IO6 spermatozoa ml ' on at least three occasions, and a group of 22 men of proven fertility who had fathered children within the past three years. The oligozoospermic ejaculates generated for the purpose of this study exhibited a median concentration of 10-4 IO6 spermatozoa ml· ' (range 1-31); all but two (29 and 31 IO6 spermatozoa ml ') of the samples were <20 lO'ml '. All of the fertile donors produced semen specimens that conformed to the limits of normality set down by the World Health Organization (WHO. 1987) .
The semen samples were produced by masturbation and collected into sterile containers for immediate transpor¬ tation to the laboratory. After allowing at least 30 min for liquefaction to occur, the spermatozoa were fractionated on a discontinuous two-step Percoli gradient comprising 3 ml isotonic Percoli overlaid with a further 3 ml 50% Percoli in a 10 ml conical-based sterile centrifuge tube. Isotonic Percoli was created by supplementing 10 ml of 10 concen¬ trated medium 199 (Flow Laboratories, Irvine, UK) with 300 mg bovine serum albumin (BSA), 3 mg sodium pyruvate and 0-37 ml sodium lactate syrup, and adding 90 ml of Percoli (Pharmacia, Uppsala. Sweden). This preparation was designated 100% Percoli (Lessley & Garner, 1983) and 50% Percoli was prepared by dilution with an equal volume of medium BWW (Biggers et al, 1971) .
One to 2 ml of semen was layered on the top of each gradient and two or three individual gradients were used in the preparation of each semen sample. The gradients were centrifuged at 500 g for 20 min and the seminal plasma was then discarded and the cells collected into three fractions derived from (1) the semen-50% Percoli interface (0% fraction); (2) the 50-100% Percoli interface (50% fraction); (3) the base of the 100% Percoli fraction (100% fraction). The cells from each fraction were resuspended in 7 ml of BWW, centrifuged at 500 g for 5 min and finally resuspended at a sperm concentration of 2-5 10* spermatozoa ml·1.
Reactive oxygen species
Reactive oxygen species were monitored byvchemiluminescence (Aitken & Clarkson, 1987a; Aitken et ai, 1990 ), using 5-amino-2,3-dehydro-l,4 phthalazinedione (luminol) (Vilim & Wilhelm, 1989; Aitken & West, 1990 
Statistical analysis
The frequency distribution of the data was examined and transformations (log, log + 1 ) used for normalization where appropriate. The log (x + 1 ) transformation was used for variables such as leucocyte counts, which included zero values, since the log of ' cannot be found. Graphical data are presented in the form of box plots in which the 10, 25, 50, 75 and 90th percentiles are indicated. Linear regression analysis and paired or unpaired t tests were performed on the transformed data using the statview and statworks programmes.
Results
Reactive oxygen species 100% Percoli fraction. The 100% Percoli fraction gave a median (10th 90th percentile) basal chemiluminescent response of 312 IO4 (1-73-39-82 IO4) counts per 5 min in the fertile donors, increasing significantly (P < 0001) to 12-57 104 (2-34-323-48 IO4) counts per 5min after Stimulation with the phorbol ester, PMA (Fig. 1) . The 100% fraction from the oligozoospermic patients exhibited a median basal generation rate of ROS of 25-4 IO4 (4-91-1169-48 IO4) counts per 5min, which was considerably ( < 0001) greater than the basal chemiluminescent signal recorded from the fertile donors ( Fig. 1) . Furthermore, addition of PMA to these oligozoo¬ spermic sperm suspensions led to a large (P < 0001) increase in the chemiluminescent signal to 1431-00 104 (98-86-80 812-00 IO4) counts per 5 min, which was more than 100 times greater (P < 0001) than the PMA response recorded in the fertile controls (Fig. 1) . The percentage of recovered spermatozoa that partitioned into the isotonic Percoli fraction was significantly (P < 0-05) lower in the oligozoospermic patients than the fertile donors, giving median ( 10th 90th percentiles) values of 14-5% (4-9-28-4%) and 26-2% (3-6-39-2%), respectively. However, the pro¬ portion of spermatozoa recovered in the 100% Percoli fraction did not correlate with the generation of ROS in either group of subjects, in the presence or absence of PMA. (Fig. 1) .
The median (10th-90th percentiles) percentage of recovered spermatozoa that partitioned into the 50-100% Percoli interface was not significantly different in the oligozoospermic (54-3%:
15-5-75-9%) and fertile donor (51-9%: 31-3-70-9%) (Fig. 1) . The low-density, 0%, fractions obtained from the oligozoospermic patients generated intense basal chemiluminescent signals, which were significantly greater than those from the 100% frac¬ tions from the same ejaculates (P < 001) and the corresponding fraction from the fertile donors (P < 0001), giving a median signal of 264-90 104 (6-20-38 57000 IO4) counts per 5 min. After the addition of PMA, the median signal increased ( < 0001) to 17 340 IO4 (376-16-145 520 10") counts per 5 min, a rate which was more than 200-fold (P < 0001) greater than the corresponding fraction from the fertile donors (Fig. 1) .
The median (10th-90th percentiles) percentage of recovered spermatozoa that partitioned into the 0-50% Percoli interface was not significantly different in the oligozoospermic (32-7%: 14-9-78-3%) and fertile donor (160%: 50-64-1%) populations and did not correlate with the generation rate of ROS in the presence or absence of PMA.
In summary these chemiluminescent data have served to emphasize that, despite the consider¬ able differences between individuals in the generation of reactive oxygen species (Fig. 1) , the oligozoospermic samples consistently exhibited significantly higher generation rates of reactive oxygen species compared with the fertile controls, both in the steady-state situation and after stimulation with PMA. Furthermore, although there was a tendency for the highest chemi¬ luminescent counts to derive from the low density (0% and 50%) Percoli fractions in both groups of subjects, the significant enhancement of generation of ROS associated with oligozoospermia was observed in all three Percoli fractions, including the highly purified (see below) sperm populations pelleting in isotonic (100%) Percoli.
Cell composition
Leucocytes. The presence of leucocytes in the various Percoli fractions was carefully monitored using immunocytochemical techniques to determine whether the intense chemiluminescence observed in cases of oligozoospermia was a consequence of leucocytic infiltration (Fig. 2) .
In both the fertile donors and the oligozoospermic patients there were significantly fewer leuco¬ cytes in the high-density, 100%, Percoli fractions than in the 50% fractions (P < 005) or 0% (P < 0001) fractions. Moreover the oligozoospermic samples contained significantly (P < 001) more leucocytes than the fertile donors when the 0% and 50% fractions were considered, giving median values (10th-90th percentiles) of 8-39 IO4 (0-63-22400 IO4) and 2-75 IO4 (000- (Fig. 2) , despite the considerable differences in generation of ROS (Fig. 1 ) .
The elevated concentration of leucocytes recorded in the low density Percoli fractions isolated from the oligozoospermic patients should not be taken as evidence of leucocytic infiltration into these ejaculates, but rather as a reflection of the low numbers of spermatozoa characteristic of this condition. In this study the leucocyte concentrations were expressed per 107 spermatozoa to give an indication of the degree of leucocyte contamination of the sperm suspensions used for the analysis Relationship between cell composition and ROS 0% fraction. The high steady-state generation rate of ROS characteristic of this fraction was not significantly correlated with the concentration of leucocytes or precursor germ cells in either group of subjects. After stimulation with PMA, however, a significant correlation with leucocyte concen¬ tration did emerge, in both the oligozoospermic patients (P < 0001; r = 0-787) and the fertile donors (P < 005; r = 0-546), as shown in Fig. 4 . 50% fraction. The association between the generation of ROS and the presence of leucocytes was even more apparent in the 50% Percoli fractions. Scatterplot analysis of this data set revealed the presence of a skewed distribution, due to the presence of a disproportionate number of samples with leucocyte counts approximating to zero, which could not be corrected by log transformation (Fig. 4) . This problem was resolved by dividing the data set into its two principal components. When the analysis focused on only those samples containing leucocytes, the log-transformed data were found to approximate to a normal distribution and linear regression analysis could be under¬ taken. These analyses revealed an extremely close relationship between the chemiluminescent counts and the degree of leucocytic infiltration (P < 0001, r = >0-8), in both the donor and oligozoospermic populations, regardless of whether the basal or PMA-induced signals were considered (Fig. 5) .
A second component of this data set comprised a distinct cohort of samples, including both patients and donors, in which leucocytes were completely absent and yet the intensity of the chemi¬ luminescent signals varied by 2-3 log orders of magnitude (Fig. 4) . This variation presumably reflected differences in the ability of the spermatozoa to generate ROS, since no significant relation¬ ship was observed between this activity and the concentration of the only other cell type present in these 50% Percoli fractions, i.e. precursor germ cells. 100% fraction. In contrast, within the 100% Percoli fractions, a significant correlation (P < 005; r = 0-591) was observed between the basal, steady-state generation rates of ROS and the presence of precursor germ cells in the oligozoospermic samples, but not in the fertile donors.
The leucocyte concentrations in the 100% fractions were, again, so highly skewed towards zero that meaningful linear regression analysis was not possible. Examination of the scattergrams indi¬ cated that on the infrequent occasions when leucocytes did penetrate into this Percoli layer, the chemiluminescent counts were consistently high (Fig. 4) , three (17-6%) of the oligozoospermic samples clearly being associated with high leucocyte counts. The subsequent analyses focused on only those samples from which leucocytes were absent to circumvent this problem of leucocytic contamination (Fig. 6) . The median chemiluminescent signal generated by purified sperm suspensions prepared from the fertile donors was 2-36 IO4 (1-68-11-39 IO4) counts per 5min, increasing ( < 0001) to 7-76 IO4 (2-21-110-53 IO4) counts per 5 min after the addition of phorbol ester (Fig. 6) . The steady-state chemiluminescent signal generated by the oligozoospermic specimens, in the absence of leucocyte contamination, was a log order of magnitude greater (P < 0001) than the fertile controls, giving a median signal of 27-38 104 (2-80-990-20 IO4) counts per 5min. After exposure to PMA this signal increased (P < 0001) still further to a median value of 1290-50 IO4
(75-91-72 81000 10") counts per 5 min, eight out of 10 (80%) oligozoospermic samples exhibiting PMA-induced chemiluminescence signals above the normal range (Fig. 6) . The intensity of the median oligozoospermic chemiluminescent signal corresponded to a 167-fold increase over the response given by purified donor spermatozoa to PMA stimulation. The limited overlap between the PMA-induced chemiluminescent signals generated by these purified sperm suspensions obtained from the oligozoospermic patients and fertile controls underlined the potential of such measurements in the diagnosis of male infertility. 
Discussion
Fractionation of the normal human ejaculate on discontinuous Percoli gradients leads to the iso¬ lation of highly motile, functionally competent spermatozoa in the high-density region of such gradients, which are characterized by a low capacity for generation of ROS (Aitken & Clarkson, 1988) . Conversely, the cells isolated in the low-density regions of these Percoli gradients are charac¬ terized by diminished motility and a poor capacity for spermatozoa-oocyte fusion, in association with a significant increase in the production of reactive oxygen species (Aitken & Clarkson, 1988) . Recent evidence suggests that there are two potential sources of oxygen radicals in the low-density Percoli fractions, comprising infiltrating leucocytes and the spermatozoa themselves (Aitken & West, 1990) . Determination of the origin of ROS in the human ejaculate is important, since this information will have a significant impact on the therapeutic strategies used to treat cases in which oxidative stress appears to play a causative role. An example of a free-radical-associated male pathology is oligozoospermia (Aitken et ai, 1989) ; approximately 50% of such cases are associated with generation rates of ROS above the normal fertile range. Here we have addressed the cellular origin of ROS in cases of oligozoospermia to determine the relative importance of leucocytic infiltration and aberrant sperm metabolism in creating the oxidative stress associated with this condition.
The oligozoospermic ejaculates were associated with highly significant increases in the gener¬ will also be increased.
In addition to ROS originating from seminal leucocytes, this study has also produced clear evidence for the generation of these powerful oxidants by the spermatozoa themselves. Further¬ more, the major difference between the oligozoospermic specimens and the fertile controls lay in the relative contribution of the spermatozoa to the oxidant generating capacity of the ejaculate. This was clearly demonstrated in the 100% Percoli fractions isolated from the oligozoospermic patients that were free of leucocytic contamination and yet exhibited chemiluminescent signals >150 times greater than those recorded in normal fertile samples after stimulation with PMA (Fig. 6) .
The validity of this conclusion depends to some extent on the accuracy and sensitivity of the leucocyte counting procedures used. If the mean number of leucocytes in a sperm suspension is low, there is a probability, defined by Poisson Care, however, must be exercised in interpreting data on the production of ROS by sperm popu¬ lations. In the absence of techniques to resolve the generation of ROS at the cellular level, it is impossible to determine the size of the sperm population actively engaged in this activity. Clearly, if there is heterogeneity within the sperm population with respect to the generation of ROS, opportunities will exist for interceding with anti-oxidants in vitro (Aitken & Clarkson, 1988 ) that might not be realized if the entire sperm population is involved in excessive oxidant generation.
These findings therefore confirm the conclusions of an earlier study in that they reveal that a high proportion of oligozoospermic specimens are characterized by the excessive generation of ROS, a major source of which is the spermatozoa themselves. In terms of the inci¬ dence of this pathology, eight of the ten oligozoospermic samples purified on isotonic Percoli and found to be free from contaminating leucocytes exhibited chemiluminescent counts above the normal fertile range. These preliminary data will obviously need to be substantiated with larger numbers of patients if the true incidence of infertility involving oxidative stress created by defective spermatozoa is to be established.
Although it is not known when during spermatogenesis the excessive generation of oxidants is initiated, the fact that the ROS originate from the spermatozoa is probably a significant aspect of the pathology. A germ cell source implies that ample time is available for the ROS to damage both the free radical generating spermatozoa themselves and any normal spermatozoa in the immediate vicinity. Furthermore, once the process of lipid peroxidation has been initiated, the selfpropagating nature of this process would ensure a progressive spread of the damage throughout the sperm population.
There was some evidence in this study of a relationship between the presence of precursor germ cells and the generation of ROS by the oligozoospermic specimens purified on 100% isotonic Percoli. If this is confirmed it would suggest that the enhanced generation of ROS observed in cases of oligozoospermia is initiated sometime before spermiogenesis. , this study has shown that such activity is invariably associated with the infiltration of leucocytes. The damaging effect of ROS originating from leucocytes may be moderated if the site of infiltration is confined to the prostate or seminal vesicles. Under such circumstances, the first contact between the spermatozoa and leucocyte-derived free radicals would be at the moment of ejaculation when the spermatozoa would be protected by the powerful antioxidant factors in seminal plasma (Jones et al, 1979) .
The chemiluminescent signals generated by human spermatozoa have been shown to have prognostic value in long-term prospective studies involving untreated couples with a normal female partner (Aitken et ai, 1991) . The results obtained in the present study indicate that accurate interpretation of such chemiluminescence data requires the identification of the cellular source of the oxidative stress. In this case, a rational refinement of the chemiluminescent technique for the diagnosis of male fertility would be to use isotonic Percoli to generate purified sperm suspensions, free from leucocyte contamination, for chemiluminescence analyses based on the stimulation of spermatozoa with phorbol ester (Fig. 6) . If a simple luminometer is available, such assessments could be readily incorporated into a routine seminology laboratory and used to screen all patients, not just those exhibiting oligozoospermia.
